In order to determine the phylogenetic structure of the actinomycete family Micromonosporuceae, the 16s ribosomal DNA sequences of 17 type species of the genera Actinoplanes, Ductylosporungium, and Pilimelia were compared with the 16s ribosomal DNA sequences of species of the genera CuteUutosporu, Cutenuloplanes, and Couchioplanes and with those of species of the genus Micromonospora and other actinomycete genera for which the sequences have been previously determined. All genera of the family, together with the genera Cutellatosporu, Cutenuloplanes, and Couchioplanes, form a phylogenetically coherent cluster that is well separated from other families of the order Actinomycetules. Except for one species of the genus Cutellatosporu, all species cluster according to their genus affiliation. The inclusion of the genera Catellatosporu, Cutenuloplanes, and Couchioplanes into the family broadens the phenotypic and chemotaxonomic heterogeneity of this taxon. An emendation of the family Micromonosporuceue is given.
16s rDNA were carried out as described previously (17). PCR products were sequenced directly with the Tuq DyeDeoxy terminator cycle sequencing kit (Applied Biosystems) according to the manufacturer's protocol. The sequence reactions were electrophoresed with the Applied Biosystems 373A DNA sequencer.
Phylogenetic analysis. 16s rDNA sequences were compared with sequences in the existing 16s rDNA database of members of the order Actinumycetules. This database consists of sequences deposited in the Ribosomal Database Project (13) . Similarity values were transformed into phylogenetic distance values that compensate for multiple substitutions at any given site in the sequence (8). The least-squares distance method of De Soete (2) as well as the programs Neighbor Joining (19) and Maximum Likelihood contained in the PHYLIP package ( 5 ) were used in the construction of phylogenetic dendrograms. For the calculation of bootstrap values, 200 trees were analyzed with the programs NJFIND and NJBOOT (kindly provided by T.S. Whittam, Department of Biology, Pennsylvania State University).
Nucleotide sequence accession numbers. Sequences have been deposited at EMBL under the accession numbers shown in Table 1 .
RESULTS AND DISCUSSION
The almost complete 16s rDNA sequences (96% of the Escherichia coli sequence) of 17 type strains of 16 validly published species from six genera of the family Micromonosporaceae were determined and aligned with 14 recently published sequences of type strains of Micromonospora species and of Dactylosporangium thailandense (9), Couchioplanes caeruleus subsp. caeruleus, Catenuloplanes niger, and Catenuloplanes atrovinosus (the sequences are given in reference 22 and the species are described in reference 23). As the sequences of the latter three species contained gaps of significant lengths (the sequences comprise 82% of the E. coli sequence), they were analyzed separately from those for which almost complete sequences were available. Homologous sequences from members of the genera Streptosporangium, Streptomyces, and Sporichthya and the family Pseudonocardiaceae were used as outgroup sequences. All Micromonosporaceae species form a coherent cluster within the actinomycete subphylum of gram-positive bacteria (4), and the distinctness of the family is supported by a bootstrap value of 100% (Fig. 1) .
The similarity values for members of the family Micromonosporaceae ranged above 94%. This value is on the average 3% higher than those found for members of the family and the outside species (the range is between 1.5 and 5.0%). Similar Figure 1 is a distance matrix tree generated on the basis of evolutionary distances (matrix not shown). The phylogenetic branching pattern of the 32 species of the family Micromonosporaceae was stable with any of the treeing methods used (least-squares method [2], neighbor-joining method [ 191, and maximum-likelihood method [5]), in that the members of the genera Actinoplanes, Pilimelia, Micromonospora, Dactylosporangium, and Catellatospora (with the exception of one species of the last genus) formed phylogenetically coherent entities. In agreement with the phylogenetic distinctness of each genus is the distribution of genus-specific chemotaxonomic properties (22) and signature nucleotides that define these five genera (Table 2) . However, except for the genera Pilimelia (loo%), Catellatospora (73%), and Dactylosporangium (loo%), the clustering of species of the other genera is not supported by high bootstrap values.
The intrageneric relationships. (i) Phylogeny of the sporangiate genera. Members of the three genera Pilimelia, Actinoplanes, and Dactylosporangiurn resemble each other in such gross morphological properties as the formation of sporangia with motile spores and generally the absence of an aerial mycelium (10). The shape of the sporangia, however, is an important diagnostic property to differentiate between the genera Actinoplanes and Dactylosporangium. Pilimelia strains can easily be differentiated from those of the other two genera by their slow growth (24).
(a) Pilimelia. The two species of the genus Pilimelia that were investigated are closely related (98.4% similarity) and form the deepest branching sublineage among all genera of the family Micromonosporaceae. Interestingly, members of this genus are the only representatives of the family that possess N-acetyl in the glycan moiety of the peptidoglycan (12), while N-glycolyl is present in members of all other genera of this family.
(b) Actinoplanes. Of the 17 valid species of the sporangiate genus Actinoplanes for which partial 16s rDNA data are available (15), four species that represented the two major phylogenetic groups detected from the analysis of a 500-nucleotide-long stretch were selected. These two subgroups, one containing A. philippinensis and Actinoplanes brasiliensis (97.3% similarity) and the other containing Actinoplanes cyaneus and Actinoplanes regularis (97.8% similarity), do not exhibit known chemotaxonomic properties that would support the phylogenetic topology. A few 16s rDNA nucleotide signatures, however, that support the formation of two subgroups are present (Table 3). Whether this bifurcation at the generic level is genuine needs to be investigated by sequence analysis of more Actinoplanes species.
(c) Dactylosporangium. Phylogenetically, Dactylosporangiurn species are more closely related (>98% similarity) than are species of the other genera of the family. The genus has a unique set of 16s rDNA nucleotides which can be used to clearly discriminate members of this genus from those of the other genera.
(ii) Phylogeny of the nonsporangiate genera. In contrast to the other members of the family, the genera Catenuloplanes, Couchioplanes, Catellatospora , and Micromonospora do not form 
' Var, variable composition.
sporangia. The former two genera produce motile arthrospores on long sporophores, which might be interpreted as a rudimentary aerial mycelium. Couchioplanes species possess L-lysine as the diagnostic amino acid in the peptidoglycan (7) rather than rneso-diaminopimelic acid found in the other species of the family (22, 23, 27) . Nevertheless, phylogenetically, they are genuine members of the family Micromonosporaceae. (a) Couchioplanes. A single species with two subspecies has been described for the genus Couchioplanes, i.e., C. caeruleus subsp. caeruleus (16s rDNA sequenced by Tamura et al. [22] ) and C. caeruleus subsp. azureus (16s rDNA sequenced in this study). On the basis of an analysis of a 1,270-nucleotide-long stretch of the 16s rDNA (omitting the 5' 120 nucleotides, the 3' 140 nucleotides, and a 100-nucleotide-long region from positions 920 to 1030 [E. coli nomenclature]), the two subspecies share 99% sequence similarity.
(b) Catenuloplanes. This genus contains six species (23, 27), of which three have fragmentary 16s rDNA sequences only available (22). In order to include the type strain of the type species in the study of the almost complete sequences, the 16s rDNA of Catenuloplanes japonicus DSM 44102 (ATCC 31637) was resequenced. The sequence of strain DSM 44102 was 98.8% similar to that of strain ATCC 31637, while lower values were found with C. niger I F 0 14177T (97.9% similarity) and C. atrovinosus RA330 (98.0% similarity). In a phylogenetic analysis in which the fragment length was restricted to the length of the shortest sequence of 1,270 nucleotides (see above), the three species of Catenuloplanes clustered together (data not shown) at a position which is identical to that shown for C. japonicus in Fig. 1. (c) Cutellatosporu. Members of the genus Catellatospora form sporophores from the vegetative mycelium which release nonmotile spores, and an aerial mycelium is absent. Two of the three species investigated, the two subspecies of the type species Catellutosporu citrea and Cutellutospora tsunoense, cluster together (96.2% sequence similarity). Cutellutospora ferruginea branches separately and does not appear to be specifically related to any other species of the family (<97% similarity). The occurrence of two clusters within this genus has already been noticed by Asano and Kawamoto (1) . While C. citreu and C. tsunosense contain menaquinones with 9 isoprene units, C. ferruginea and Catellatospora rnatsurnotoense (not investigated in this study) contain menaquinones with 10 isoprene units.
Whether the latter two species are phylogenetically related and form the nucleus of a novel genus must be discussed when phylogenetic data on C. mutsurnotoense are available.
(d) Micromonospora. The intrageneric structure of the genus Micrornonospora, on the basis of the analysis of all type strains and 19 unnamed Micromonospora species, has recently been published (9). This genus contains two major subclusters, each of which can be defined by a set of 16s rDNA nucleotide signatures (9) .
Emendation of the family Micromonosporaceue. The family Micromonosporaceae, as defined today, contains a collection of four morphologically and chemotaxonomically diverse genera which themselves constitute phenotypically rather distinct entities, i.e., the genera Micrornonospora, Actinoplanes, Dactylosporangium, and Pilimelia (6). These genera are phylogenetic neighbors, which supports the description of the family Micromonosporaceae. As was noted in the description, the family cannot be distinguished from other suprageneric groups of actinomycete families by a set of exclusive phenotypic characters but rather "by DNA homology and rRNA cistron similarities" (6). While the first method does not appear suitable for the delimitation of actinomycete families, the second approach, which has now been replaced by analysis of 16s rDNA sequences, is indeed the only method to allocate new genera to the family. This study shows that the family must be expanded to include the genera Couchioplanes, Catenuloplanes, and Catellutospora. These genera are intermixed with the genera which so far are contained in the family Micromonosporaceue. The phenotypic heterogenetity of the family is further increased, especially with respect to the composition of the peptidoglycan, phospholipid type, fatty acid type, and morphology. Tables compiling the differential characteristics have been published by Tamura et al. (22) and Vobis (24) .
Emendation of the family Micromonosporaceae Krasil' nikov. The emended description is based on data compiled by Goodfellow et al. (6), Tamura et al. (22) , and Yokota et al. (27) and on data from this study.
Aerobic, gram-positive, non-acid fast organisms that form nonfragmenting, branched, and septate hyphae. Aerial mycelia are rarely developed or scanty. The genus Micrornonospora produces nonmotile spores. They are born single, sessile, or on short or long sporophores and are spherical, ovoid, or ellipsoidal. The spore wall is thick and may carry blunt spiny ornamentations. In contrast, members of the genera Actinoplanes, Dactylosporangiurn, and Pilimelia form spores within spore vesicles (sporangia) developed at the tip of short or long sporangiophores. The spore vesicles vary in shape and contain two to five (Dactylosporangium) or many (Actinoplanes and Pilimelia) spores, which may be globose, subglobose, or rod shaped. The spores are motile by means of flagella, which are generally arranged in polar or lateral tufts. In Couchioplanes species, 
spores are formed in chains and are motile. The spore chains and aerial mycelia often aggregate into clusters resembling sporangia, but true sporangia are not observed. In members of the genus Catenuloplanes, aerial mycelia are sparse and spores are formed in chains. The spores are rod shaped, straight, or curved with smooth surfaces and are motile by means of peritrichous flagella. Catellatospora species lack an aerial mycelium, and short chains of nonmotile spores emerge singly or in tufts from the vegetative hyphae. The wall peptidoglycan contains meso-and/or 3-hydroxydiaminopimelic acid and is of the A l y type. Except for Pilimelia species, which contain acetate as the first amino acid of the peptide chain attached to muramic acid, all other members havc glycine; whole-organism hydrolysates are rich in arabinose and xylose, with variable amounts of other sugars. The organisms produce complex mixtures of saturated, iso-, and anteiso-fatty acids and have diphosphatidylglycerol, phosphatidylethanolamine, phosphatidylglycerol, and phosphatidylinosiitol as major lipids; phosphatidylcholine occurs in addition in Catenuloplanes species. Mycolic acids are absent. Menaquiinone profiles are heterogeneous. Tetrahydrogenate menaquinones of the MK-9(H4) type predominate in members of the genera Actinoplanes, Dactylosporangium, Pilimelia, and Couch-,ioplanes, but major amounts of tetra-, hexa-, and/or octahydrogenated menaquinones with 9, 10, and/or 12 isoprene units are found in Micromonospora strains. C. femginea contains MKlO(H,) and MK-lO(H,), while Catenuloplanes species contain predominantly MK-9(H8) and MK-lO(H,) . The guanine ((3)-plus-cytosine (C) content of the DNA is within the range of 71 to 73 mol%. The family can be distinguished from other suprageneric groups of actinomycetes by 16s rDNA similarity.
